C ell culture is a laboratory process used primarily for the production of cells and cell products. Traditionally, cell culture has been a manual process that requires many hours of repetitive, painstaking work in order to maintain absolute sterility. Furthermore, living cells require that a favorable environment be maintained throughout the cell culture cycle including cell growth, harvesting, reseeding, and analysis. Cell propagation requires careful control of media conditions and freezing and thawing rate in order to maintain viable and consistent cell lines. Proper training of cell culture professionals is essential to the success of maintaining viable cell lines. In order to improve the consistency of the cell culture process and to reduce the chances for cell contamination in laboratories that have high volume cell culture needs, pharmaceutical companies have turned to automated cell culture systems. This article will profile complete automation systems developed by several notable international companies and will describe some other innovations in cell culture equipment that automate selected steps in the process.
advertised as being user-friendly.
A large, standard Cytogration system is capable of handling up to 504 multi-well plates, with three incubators. It is capable of automating plate coating, seeding, and cell feeding, as well as automated incubation assays that are useful in compound selection. Smaller standard systems are also available: these either perform all of the above functions with fewer plates, or alternatively, are used only for automation of cell feeding. Brandel also offers a Lab Services division that allows smaller laboratories to subcontract cell growth services that are carried out in Brandel's inhouse high-throughput system. The Cytogration system uses a variety of components to automate the cell culture process. The entire system is situated around an industrial grade robotic arm in either fixed or, more typically, rail-mounted configurations. The articulating arms that are used are specifically chosen for their ability to hold plates at different angles due to their high degree of freedom configuration. This allows the user to dispense media on the walls of the plates, rather than directly on the cells, reducing possible cell or membrane damage. A fixed arm is used in most smaller, feed-only systems where a high capacity is not expected. The motion rails for the robotic arms come in different lengths with the longest one being five meters. A rail-mounted arm is also used if the system is performing multiple functions, such as coating, seeding, and feeding.
Another key feature is the high-capacity-storage plate carousel. One plate carousel is typically located inside each incubator being used, and can hold up to 168 plates. The system can have three incubators on line, allowing for storage of up to 504 plates. The Brandel incubator has electronic humidity control and uses a HEPA filter system to supply sterile air to the interior of each incubator. Each carousel features programmable stepping, oscillation cycles and a two-way communication interface.
The LQ-3000 has been specifically designed to coat and seed plates in a standard, sterile Biosafety cabinet. The LQ-3000 has multiple multi-tasking arms fitted with different tools to perform different tasks. When coating, the arm retrieves a plate form the incubator and positions it into the LQ-3000. The lid of the plate is removed and the plate is placed in the plate holder. The LQ-3000 aspirates collagen from a temperature-controlled, stirred reservoir. The user-determined amount of collagen is dispensed into each well using a syringe pump. Any excess collagen is stored in the sterile tubing. Once the plate is coated, the lid is replaced and the plate is placed on a rack for several hours until the collagen dries.
For seeding, the plate is removed from the drying rack and placed back into the plate holder. The seeded media is dispensed similar to collagen dispensing. When seeding is complete, the lid is placed back on the plate, and the plate is placed back into the incubator. The entire dispensing unit -head, pump and tubingare all self-cleaning.
In order to remove used media from individual wells on multi-well plates, a special Cytogration aspirator has been designed. Media can be removed without disturbing membranes or contaminating the growing cells. Two separate vacuum systems are used simultaneously for cells grown on transporting membranes: one high-pressure and one low-pressure. The highpressure vacuum quickly removes used media from the outer wells while a low-pressure vacuum gently removes media from the inner wells on the plate. After each plate the tips of the aspirator are changed in an effort to avoid contamination. The system constantly monitors the vacuum pressure so that growing membranes are not disturbed. Fresh media is stored at 4 o C in sterile containers. The media is pumped from the storage containers to the feeding station, where it is heated to 37 o C prior to dispensing onto the cells.
Any scientist having performed cell culture knows that one important task is measuring cell viability. The Cytogration system uses an Epithelial Voltohmmeter Station (EVS) to measure Transepithelial Electrical Resistance (TEER) to determine cell monolayer viability and confluence in cells growing on transporting membranes. This is an optional feature on all Cytogration systems. The advantage of measuring TEER is that it checks all membranes and is non-destructive. When using a chemical dye, only spot checks are feasible and the use of the dye renders the tested cells unusable for further instrumentation. The TEER measurement works using the principle that well-formed junctions and healthy membranes have a higher electrical resistance, and are therefore useable for permeability tests. The EVS measures for low resistance across the membrane, using two electrodes which are placed in contact with the media on either side of the membrane. The EVS is a self-contained unit allowing for automated applications, and controlled via an integrated system. The TEER measurement is especially useful for quality control testing, to identify unusable membranes, and prevent the user from wasting time and resources using unsuitable membranes.
Safety features have been incorporated into the Cytogration System to ensure constant monitoring of all functions and parameters. The system can automatically detect low media volumes, improper media temperatures, incubator parameters, and power loss to the system. If any of these situations occur, the system will place itself in "safe mode", sound an alarm, and automatically dial up to four pre-programmed telephone numbers. If something happens so that the system produces a quantity of unusable membranes, it will notify the user and wait for further instruction.
By automating most or all phases of the cell culturing process, Cytogration systems are able to produce large quantities of reliable cells or cell membranes in a constantly monitored environment with minimal human intervention, thereby reducing contamination and improving yield. 
www.automationpartnership.com
The Automation Partnership (TAP) has two systems for automated cell culture. The first they developed in 1988, the Cellmate™ system. The other system -SelecT -is a relatively new system, which was developed by The Automation Partnership in conjunction with a consortium of six major pharmaceutical companies worldwide. These systems were developed by applying industrial automation to established, proven manual methods of cell culture. While both of these systems automate the process of cell culture, they each have slightly different roles.
More than 70 Cellmates have been installed worldwide and are used for a variety of cell manufacturing purposes. 15 are now in use to make cells and proteins for HTS and structural biology functions within drug discovery groups. The system fully automates all the processes needed to culture cells in roller bottles and T-flasks. 9 The Cellmate manipulates roller bottles and T-flasks and feeds them into the system on a conveyor belt, where they are processed following user-defined programs. Processes which the Cellmate handles with ease include the following: cell seeding, media changes, bottle gassing, cell sheet rinsing, trypsinization, and cell scraping. The processes remain essentially the same as they would with manual cell culture, so process development or regulatory reapproval is not necessary when scaling up.
A Class 100 positive or negative pressure laminar flow cabinet houses a PC-controlled robotic arm, at the heart of the Cellmate system. The PC can store a number of protocols, as well as various user-defined parameters such as robot movements, process volumes, temperatures, and trypsinization timing. The protocols can be recalled from an on-screen menu, and can be amended by the user as necessary.
Once the Cellmate is started, the user simply needs to load roller bottles or flasks onto the conveyor belt, which feeds the vessels into the cabinet, and be prepared to remove them at the completion of the process. There is no need for constant supervision of the system. The robot arm initially selects a vessel from the conveyor and moves it around the laminar flow cabinet, according to the pre-programmed protocol. An automated decapper removes, retains, and replaces the cap of the vessel. Liquids are added to the vessel via non-contact dispensing nozzles, and gassing can occur simultaneously, as needed.
Upon removal of the spent media, the adherent cells in the vessels can be washed using a "bidet" rinse. Trypsinization can occur as needed, with the appropriate amount of trypsin being added, and the vessel then being incubated at the appropriate temperature. Upon completion of the incubation, a "stop" solution is automatically added.
Cell supernatant or trypsinized cells, are collected either by vacuum aspiration or reverse pumping. Alternatively, the adherent cells may be scraped from the sides of the vessels using a device resembling a windshield wiper. This detaches the cells and suspends them in a small volume of liquid, providing a dense population of cells. The trypsinized cells, the supernatant, or the concentrated suspension of adherent cells is then transported to a collection vessel outside of the system, via either vacuum aspiration or pumping.
Advantages of Cellmate include flexibility of process, scale and product. The Cellmate can be programmed to sequentially process many different cell lines growing in 20-1000 roller bottles or T-flasks. Changeover between different lines takes approximately 15 minutes, enabling more than one cell line to be processed on the same day. TAP suggests use of the Cellmate system for large-scale cell culture of up to 10 cell lines in parallel.
The SelecT, also offered by The Automation Partnership, differs from the Cellmate system in that the SelecT is more suitable for laboratories seeking an automation system for processing many cell lines in many types of media simultaneously. 8 In contrast to the Cellmate, the SelecT system can process between one and 168 different mammalian cell lines in T-flasks, making it ideal for multiple batches of cells.
The SelecT system was designed in partnership with a consortium including HTS, lead optimization and core cell culture specialists from GlaxoSmithKline, Merck, Bristol-Myers Squibb, and Pfizer (including what was Parke-Davis).
SelecT can maintain, expand, process, and harvest multiple cell lines, assess the cells' viabilities and distribute them into microtitre plates. All of this can happen by programming the system and allowing it to operate unattended overnight, or even over an entire weekend. The operator has the option of loading and programming SelecT on Friday and returning to the lab on Monday morning finding assay-ready plates -either 96-or 384-well. This significantly cuts down on the lag time of waiting for cells to be ready for assaying and enables HTS facilities to run their equipment five days per week, instead of only two or three.
SelecT uses automation to provide flexibility in batch size and numbers of cell lines; integrated growth; incubation and process-
The Cellmate system from The Automation Partnership
The SelecT system from The Automation Partnership ing; and barcode tracking of flasks and plates to provide a full audit trail. Menu-driven software is used to control all processes, including barcode tracking, recording all operations and process parameters for each flask and batch, and calculating the number of flasks and the approximate amount of media and incubator space needed for each operation.
The core of the SelecT system is an automated tissue culture incubator housed within a laminar flow enclosure that is maintained at negative pressure. An industrial robot moves flasks around the system and performs a variety of steps, including adding media, decanting waste liquids, pipetting cell suspensions from one flask to another, pooling contents of flasks for harvesting, and dispensing cells into microtiter plates. Two tissue culture incubators -one holds 168 T-175 flasks, and the other holds 300 microtiter plates -maintain the cells at the proper temperature for both growth and cell detachment using trypsin. Cell suspensions are handled by pipettes, with a dedicated disposable pipette for each cell line, which eliminates the risk of cross contamination between the lines.
The robot operates on six axes, and is always within the negative pressure enclosure, ensuring sterility. The robot has access to a variety of media bottles and other reagents, all of which are connected via pumps to the system. The robot can mix media from a variety of bottles, combining them in the proper ratios to produce a wide variety of media recipes, needed to feed a wide variety of cell lines. Because of this approach, SelecT is capable of feeding many different cell lines, with on-demand mixing of up to fifteen components. It avoids contamination via non-contact dispensing of all liquids involved. The robot also handles all waste issues. Solid waste is disposed of down a trash chute, while liquid waste is deposited in a holding tank for later removal.
Ten SelecT systems have been sold thus far, with the first three already delivered to Merck, GlaxoSmithKline, and Pfizer.
Two other TAP products have been developed to transition smoothly from cell culture to HTS to lead optimization. The Asset is a fully integrated µHTS system, capable of processing a plate every 30 seconds. Plates can be transferred directly from SelecT to Asset, while keeping the cells in optimal conditions. BasePlateXR provides for mother/daughter plate replication and reformatting, providing a means of automatically producing assay-ready plates for storage or immediate use.
RTS LIFE SCIENCE INTERNATIONA L (MANCHESTER, UK)

www.rts-group.com
The AcCellerator TM system developed by RTS Thurnall (now RTS Life Science International) is aimed at resolving the problem of cell supply -a common bottleneck in cell-based high throughput screening assays. The acCellerator is the result of a collaboration between RTS Thurnall and AstraZeneca, with further input from Essen Instruments and Corning Incorporated. AcCellerator takes the processes performed within manual cell culture and totally redefines them with automation to achieve the same results. This system does not aim to mimic manual cell culture; rather, it aims to replace and improve upon it using standard pharmaceutical instrumentation and industrial robots.
This system has been designed to run unattended over a weekend, thus preparing cells for screening at the start of a week. Each of the four companies involved in its development have contributed significantly to the final product. The idea began at AstraZeneca, who brought the team together. RTS Thurnall provided the technical robots bringing the entire system together. The RTS Group also contributed their SPRINT TM Version 3 scheduling software, providing a user-friendly interface. Essen Instruments was brought on to sort out problems with aspiration and pipetting, which they did with a new product, the Pipeline TM . Corning Incorporated manufactured a new "automation-friendly" culture flask specifically for the task.
The Pipeline TM with an associated disposable Peripette TM , from Essen Instruments, is at the center of the AcCellerator. This instrument has been designed to both aspirate and dispense media under computer control. Each AcCellerator unit has seven Pipelines, which handle various media, washing, dissociation, and other necessary reagents. It was a requirement by the consortium that a pipette, normally used for transferring liquid in manual operations, not be used in this automated process. The Pipeline fulfills this requirement.
Another requirement was that culture flask input and output is stack-based. This is in order to ease transport from the automated incubator to an off-line manual incubator, therefore making the automated incubator available for the next process. Corning was challenged with meeting this requirement, and responded by creating the novel T-225 flask. This "automation friendly" flask has a removable cap on its flat upper surface, in addition to the traditional cap on the flask's end. At any time, up to 160 of these T-flasks can be stored in the AcCellerator's multiple incubators. These flasks are manually loaded into the system either individually or in stacks.
Three robots act to coordinate the operation of the AcCellerator. A "Flask Picking" robot removes a flask from the incubator, and places it inside the sterile environment of the Class II cabinet. A smaller, track-mounted "Flask Handling" robot then removes the cap from the flask and delivers the flask to the various Pipelines. The flask is then deposited on one of four warming plates. Following incubation of the flask, it is transferred to a "flask tapping" unit which simulates the manual action used to detach the adherent cells from the bottom of each flask. After cells are mixed, a sample of the culture is taken and transported to an integrated Cedex Cell Counter for measurement of cell density and viability. Additional media is added, as necessary, to achieve the desired cell density. The third "Plate Handling" robot picks up an empty microtitre plate from one of the nine Kendro plate incubator carousels, removes the lid, and places the plate in a LabSystems Multidrop liquid dispenser. This eight-channel dispenser adds the right volume of culture to each of the wells (in either 96 or 384 well plates), and then the lid is replaced and the plate is returned to the incubator. The microtiter plates are compatible with the Heraeus Cytomat 6000 incubator. This is the typical incubator used on most high throughput screening systems, and thus the plates are available for the next step in the HTS assay.
The use of three robots, each performing a simplified duty has led to increased reliability and throughput of the AcCellerator. The system can simultaneously manipulate two unique cell lines. It has been designed to deliver 180 HTS-ready microtiter plates in less than ten hours. The typical time to seed each new batch of flasks is only 40 minutes. More information about the AcCellerator system was presented in a previous issue of JALA. 
www.crsrobotics.com
CRS biodiscovery also has a range of fully automated cell culture systems for feeding and growing adherent cell cultures on membrane well plates or standard microtitre plates. CRS offers systems for short-term culturing, as well as a system for incubating cells for longer time periods (such as needed when growing Caco-2 cells). The short-term systems run as typical batch methods while the longer-term system uses a different scheduling algorithm for running in a continuous mode.
Something unique to CRS systems is that all steps are conducted on containers with a standard microtitre plate footprint. This includes everything from a 384-well plate to a one well Nunc OmniTray. The system has a capacity of 189 microtitre plates or 126 Transwell-24 Membrane Plates, the limit being the capacity of the Kendro Cytomat ® 6000 used as an incubator. For a larger capacity, a second incubator can be added to the system. The HTS automated cell culture systems are stack-based and have a total capacity of 480 plates. The variety of systems means that a wide variety of user needs can be met.
Each system is centered around a two-arm XYZ liquid handler. The systems can automatically plate cells, exchange media on a user-defined schedule, store media cold and heat it to incubation temperature before dispensing. A number of features help to ensure sterility, including plates remaining under clean air when their lids are off, separate aspirate and dispense tips, and tip washing between plates.
The user-interface is based on POLARA TM software, providing dynamic scheduling capability, the ability to add and remove plates during a run, automatic flushing of liquid lines and fully programmable liquid handling and timing parameters.
INDIVIDUAL AUTOMATION COMPONENTS
The following technologies are focused on providing selective tasks within a cell culture environment. While some of these devices were not designed to be directly integrated with automation, they provide efficiency and precision throughout the cell culture process.
INTEGRA BIOSCIENCES (IJAMSVILLE, MD)
www.integra-biosciences.com
Integra BioSciences, Inc., offers a series of automated devices working together to fill, emboss, and stack multiple petri dishes. The Tecnomat system eliminates the time and effort previously required to fill dozens, or hundreds of petri dishes with the same quantity and type of media. This new, easy to calibrate, low noise level, easy to clean, maintain and use system has separate components that can all be connected to comprise the Tecnomat Filling Line. The entire system comprises four separate units: feeding, filling, embossing, and stacking.
The feeder unit can operate with either 120 or 220 petri dishes. It automatically transports these empty petri dishes into the filling unit. Then, the filling unit uses a peristaltic pump to add media to the dishes. This unit can process up to 1200 petri dishes per hour at a rate of 600mL/minute. Upon leaving the filling unit, the dishes are brought to the embosser unit, called the "LetterDancer." At this point, the Petri dishes are labeled using a high-tech thermotransfer process by which letter and number combinations are permanently embossed on the sides of the dishes. All dishes can be given the same code, or each dish can be labeled sequentially, depending on the needs of the user. The last unit the dishes pass through is the stacking unit. This transports the filled, labeled dishes in stacks of up to 15. The dishes are brought to a collecting table, where they remain until the user comes along to remove them for use or storage.
NEW BRUNSWICK SCIENTIFIC COMPANY (EDISON, NJ) 
www.nbsc.com
New Brunswick Scientific Company manufactures the MP-1000 PourMatic ® , an automated petri-dish filling system. This self-stacking dish filler pours up to 900 plates per hour (up to 320 plates per carousel). In a completely walk-away system, the PourMatic aseptically dispenses agar into 100 or 60 mm Petri dishes and stacks them in a carousel for cooling. The rapid pouring time, combined with a slow stirring speed and shortened exposure of the agar to high temperature allows for superior quality agar plates.
SARSTE DT
Sarstedt offers the POS 720, a petri dish organization system that can sort as many as 720 dishes per hour, and barcode-label them automatically. The dishes are loaded into and drawn from a central magazine that holds as many as 600 plates. The central magazine is divided into 15 columns, each holding 40 plates, to meet almost all laboratory requirements. Also available are filters to provide protection during the use of light-sensitive culture media.
BIOVE ST INTERNATIONA L (ENGLEWOOD CLIFFS, NJ)
www.biovest.com
Another company offering advances in the world of cell manufacturing is Biovest International. In May 2001, Biovest International absorbed the Minnesota-based cell production company, Cellex Biosciences, Inc.
11 That facility is known as the National Cell Culture Center (NCCC), a contract service provider offering large-scale cell manufacturing for research laboratories. However, if you wish to culture your own cells in your laboratory, they also offer a variety of tools and systems to help you in this endeavor.
One such system is the Mini-Max. This automated cell culture system is sized to fit on a bench-top, yet has all of the amenities necessary for culture: microprocessor controller, selfcontained incubator, and pump panel. The Mini-Max is capable of producing small quantities of protein (up to 10 grams per month). Also available from Biovest is the Maximizer, which is similar to the Mini-Max, but is capable of producing larger quantities of protein (up to one gram per day).
BioVest also offers the AcuSyst-XCELL ® Mammalian Cell Culture System. This system is specifically designed for large-scale production of mammalian cell secreted proteins. It incorporates process automation with hollow fiber technology and userfriendly, validatable processes. The AcuSyst-XCELL system is a self-standing floor system comprised of an incubator and refrigerator section as well as control fixtures and a pump panel. It is capable of producing 60-200 grams of secreted protein per month per incubator unit. The system's software, in conjunction with a single IBM computer, permits monitoring and control of eight independent flow paths in four separate incubator units. Remote monitoring of the AcuSyst-XCELL instrument and software is possible due to the XLINK. This is a remote communications package that allows dial-in access from a remote computer, creating a direct link between it and the AcuSyst-XCELL via standard telephone lines. The primary features are a User Interface that allows access to the XCELL's control software and an Alarm DialOut that notifies users of alarm conditions as they appear.
ZYMARK CORPORATION (HOPKINTON, MA) 
www.zymark.com
Zymark recently introducted a series of automated precision incubators (APIs) to complement its line of automation technologies. APIs are robotic accessible, hold low profile and deepwell microplates, and provide precision controlled temperature (4 o C-70 o C), humidity and atmosphere. The automated incubators interface to Zymark's line of microplate handling robots, as well as to their process controller software, CLARA TM .
NEXELL THERAPEUTICS (IRVINE, CA)
www.nexellinc.com Nexell Therapeutics is in the process of developing an automated cell culture system, called Cellextra TM . This system, when it is released, will be a natural extension of the Isolex ® cell selection platform.
STEROGE NE BIOSEPARATIONS, INC. (CARLSBAD, CA)
www.sterogene.com Sterogene Bioseparations, Inc., has taken cell culture automation a step further by integrating the process of cell culture with the immediate purification of secreted protein. 12 They integrate a hollow fiber bioreactor, which is a semi-automated system for culturing mammalian cells, with a protein purification system, comprised primarily of an immuno-adsorbent cartridge column. They were thus able to integrate production and purification of secreted proteins from mammalian cells into a single unit. While not completely automated at the cell culture part of the process, this is an advancement for the field.
ACADEMIC RESEARCH
Selznick, et al., 13 have developed computer software for use in the cell culture laboratory. While not actually automating the process itself, this software deserves mention here because it can offer time and cost-saving benefits. The Cell Culture Laboratory Management System (CCLMS) prototype was developed and tested in two academic cell culture laboratories. It provides an alternative to painstaking, redundant and error-prone manual record keeping techniques. The CCLMS encompasses subcultures, freezes, thaws, splits, and can accurately account for all laboratory activities. It stores detailed information on the cells and provides an immediate historical link to any cultured cell lines which may be frozen in storage.
